experiments were performed on compositions that contain on the solidus the phase assemblage Liquid + Olivine + Orthopyroxene + Clinopyroxene + Garnet (L + O1 + Opx + Cpx + Gt) in the 80-to 160-kbar range. The purpose of the Herzberg and Gasparik [1991] study was to calibrate the compositions of coexisting garnets and pyroxenes that occur at all conditions in the upper mantle and transition zone. The starting material compositions were carefully selected in order to provide excess orthopyroxene at all conditions, and to provide the greatest probability of observing liquids that were multiply saturated in the greatest number of crystalline phases. In addition to highly premise equilibrium pyroxene and garnet compositions, these experimental data provide improved constraints on the compositions of the liquids for the solidus assemblage L + O1 + Opx + Cpx + Gt. The purpose of this paper is to present these liquid data in light of the komatiite problem. Starting materials were loaded into rhenium containers, and 10 mm size assemblies were used. These were then fired at 1000øC for 1 hour prior to running in order to expell all water. Run conditions ranged from 80 to 160 kbar, and from 2000 to 2240øC nominal. Run durations were typically 3 to 5 min. Thin sections were made of the run products, and the garnet and pyroxene compositions were determined by electron probe analysis [Herzberg and Gasparik, 1991] . Of particular interest here is the crystallization sequence, or the order of the phases as they appear from the hot spot to the cold end. These are listed in Table 2 . The nomenclature L, Opx, O1, Gt, Cpx [Opx + O1 + Gt + Cpx] refers to this crystallization sequence, which is a short-hand notation for L; L + Opx;L +Opx+ O1;L +Opx+ O1+ Gt;L +Opx+O1 + Gt + Cpx; the subsolidus phase assemblage is given in brackets [Opx + O1 + Gt + Cpx]. The nominal temperatures given in Table 2 are temperatures recorded by the thermocouple. The thermocouple junction is located close to but to one side of the hot spot, and the temperature it reads is valid at one point along the temperature gradient. This is 50øC within 0.7 mm of the hot spot, increasing to about 250øC to the cold end of the capsule, about 2 mm distant . In most experiments the nominal temperature is slightly above the solidus temperature [Herzberg and Gasparik, 1991] , and the crystalline phases of interest are usually distributed within 1 mm of the hot spot where the temperature gradient is minimal. The liquidus and solidus temperatures differ by 100-150øC, and it is within this temperature range where the crystallization sequence can be observed.
A source of some concern involves the acquisition of phase equilibrium information in a temperature gradient, and again a detailed discussion of this problem appears in Herzberg et al. [1990] . The major effect is the expulsion of some intergranular melt toward the hot spot and solution-precipitation of the crystalline phases, observations that were originally made and discussed by Lesher and Walker [1988] from piston-cylinder experiments. The concern is that this process could affect the liquidus phase and crystallization sequence. For experiments that range from seconds to 10 min., we have observed no changes in the liquidus phase, in agreement with the treatment of Lesher and Walker [1988] . However, for liquids that are multiply saturated in two or more crystalline phases, these phases are not always distributed in the corectic proportions that would be expected from crystallization in the absence of a temperature gradient. Rather, some phases concentrate in bands that parallel the isotherms for experiments greater than 2 -3 minutes in duration [see Figures 7, 10, & 19 in Herzberg et al., 1990] . These phases are ordered along the temperature gradient in a way that reflects the crystallization sequence. In experiments containing only three crystalline phases, the liquidus phase is obvious, the second phase appears at and below the solidus, and the third phase is distributed between these two bounding phases. A more complicated case involves four crystalline phases. A good example involves the case of peritectic melting in the 80 kbar experiment on natural komatiite HSS-15 (Table 2) In two important experiments, a pair of phases were observed to appear simultaneously along an isotherm. These are O1 + Gt at 2140øC and 110 kbar, and Gt + Cpx at 2080øC and 100 kbar (Table 2 ). In the latter experiment, olivine was observed several tens of degrees up the temperature gradient, indicating a close approach to simultaneous crystallization of olivine, clinopyroxene, and garnet for this composition at the solidus. Experiments like these yield the most information on the T-P-X disposition of corectics and invariant points, and these are discussed below.
A 29 kbar experiment on a natural komafiite is also reported in Table 2 . This was done with the piston-cylinder apparatus in 1980 at the Johnson Space Center. The purpose of this and others like it was to determine the partitioning of Fe and Mg between olivine and liquid; a full reporting of these low pressure data will be made elsewhere in conjunction with new data in the 100-kbar range. The low pressure experiment is included in this paper because it provides a constraint on the compositions of liquids along the high pressure solidus. has not yet been determined. However, the evidence presently available indicates that it is more siliceous than mantle peridotitc analogues in CMAS, similar to the periteetie points ].
Presnall and Gasparik [1990] concluded that the silica contents at these peritecties were still too low, based on the projection. This point is illustrated better in Figure 3 , a projection from A1203 into a part of the plane CaO-MgO-SiO2. Figure 5 are experimental data in natural FeO-bearing systems from many sources. The important observation is that these additional components have no effect, a point discussed in more detail below. At pressures greater than or equal to 158 kbar, pyroxenes cannot crystallize in the melting interval for any composition because of the extensive crystallization field of majoritc garnet. Alumina is absent in liquids generated on the solidus (i.e., CaO/(CaO + A1203) = 1.0), but it can be present in liquids located between the liquidus and solidus. This condition is likely to persist until about 180 kbar where calcium perovskite has been predicted to become stabilized relative to majoritc garnet . At pressures greater than this, liquids on the solidus will contain A1203 once again. A better understanding of these very high pressure phase relations must await the acquisition of additional experimental data.
The phase equilibrium data reported here and in Herzberg et al. [1990] for the system CMAS have permitted for the first time estimates of the absolute compositions of the liquids for the equilibrium L + O1 + Opx + Cpx + Gt in the 50-to 100-kbar range. They were determined by randomly varying the liquid composition at 50 and 100 kbar until the isobaric invariant points were internally consistent with both the high pressure data (Figures 1-4) and the low pressure data of Presnall et al. [1979] . These liquid compositions are listed in Table 3 Si02 (wt%) = a + bP + cP 2 + dP 3 ...where P is in kbar materials are given in Table 1 , and the experimental results are included in Table 2 The algorithm is simple because CMAS can be extended to CMFAS by the introduction of two constant parameters (i.e., 0.46 and 0.69), and two adjustable parameters, the composition of olivine in the source and the degree of partial melting; a copy of it can be obtained from the author as a computer program. Again the liquids so calculated are valid only for initial melting at pressures in the garnet stability field. Table 5 shows that the calculated iron-rich initial melt composition of Bertka and Holloway is in excellent agreement with the observed composition. The melting of mantle peridotitc on Earth at 25 kbar will generate pierite, and Table 5 shows that the calculated composition is also in very good agreement with that determined experimentally by Elthon and $carfe [1984] .
Initial liquids formed at 50 kbar contain 23.2 to 25.3 % MgO and 13.7 to 10.7 % FeO, depending on the degree of partial melting (Table 5) Use of liquid compositions in CMAS are actually very successful when applied to naturally occurring rocks with a terrestrial FeO/MgO. Simple substitution of MgO for FeO without accounting for a contraction of the crystallization field of olivine results in contents of SiO2, A1205, and CaO that are too high by 1.7 %, 0.3 %, and 0.6 %, respectively (absolute), at 100 kbar; MgO and FeO are too low by 2 % and 0.6 %, respectively. However, these small differences can yield very different crystallization sequences. For example, the system CMAS predicts the crystallization sequence L,Opx,O1,Gt,Cpx for HSS-15 at 100 kbar. This compares with L,Opx,Gt,O1,Cpx, a crystallization sequence that is both experimentally observed (Table 2 ) and predicted in CMFAS (Figure 7) .
At the present time, the largest discrepancy between calculated and observed liquid compositions is for the Elthon and Scarfe [1984] pierite at 25 kbar (Table 5) . Although the disagreement is not understood, accepting it at face value illustrates that the calculated and observed liquid compositions differ by no more than the following relative amounts: +/-5 % • for SiO2, A1203, and MgO; +/-8 % for FeO and CaO ( Table 5 ).
The component Na20 will reduce the amount of MgO that is contained in liquids on the solidus because it reduces the solubility of olivine in silicate liquids [Herzberg, 1979] . At 15 kbar, the addition of 3.5 % Na20 to the system CMAS can reduce MgO from about 17 % to 10 %, and it also contributes to a lowering of SiO2 [D.C. Presnall, personal communication 1991]. This will cause an important uncertainty in estimating the MgO content of initial liquids in which Na20 is concentrated, a problem that is likely to be important for small melt fractions (i.e., 1-2 %).
However, this problem is not likely to be important in interpreting most komatiites because they typically contain less 0.5 % Na20, and most of them were formed by degrees of melting that exceeded 25 % (see below). But the We are left with the unfortunate conclusion that the geochemistry of the Munro-type komatiites is compatible with both very high (e.g., 100 %) and moderate degrees (35 -44 %) of partial melting. But the essential difficulty with the high melt fraction scenario is that it would have required a unique source region to explain each Munro komatiite and fails, therefore, on grounds of improbability.
Barberton Komatiites
When initial melting occurs at pressures that are greater than 50 kbar, the liquids will begin to have affinities with the Barberton komatiites, characteristically high in CaO/(CaO + A1203). But before we can proceed with an igneous interpretation of these rocks, an assessment must be made of the effect of alteration on CaO/(CaO + A1203) [Smith and Erlank, 1982] . This has been the subject of considerably scrutiny by de Wit et al. [1987] , and an expansion of their discussion is given in the appendix. Alteration by circulating hydrothermal solutions tends to strip from a rock significant amounts of CaO and SiO2, a process that appears to have affected the Barberton komatiites more than most Munro-types. Removal of CaO is usually not accompanied by a local gain in CaO, so the system is open on an outcrop scale; alteration therefore tends to lower SiO 2 and CaO/(CaO + A120•). Pressures estimated from CaO/(CaO + A120•) will therefore be minimum possible bounds. The samples projected in Figure 8b are the least altered, about 50 % of the Barberton data base (appendix). Figure 8b demonstrates that many Barberton komatiites have the compositions of liquids at a pseudoinvariant point involving L + O1 + Gt + Cpx in the 80-to 100-kbar range; the spectrum of komatiites radiate to and from olivine, indicating that some are liquids that have gained and lost olivine. Partial melting at 100 kbar has been modeled, and the results are shown in Figure 9c and Figure 12 . Melting involves the assemblage L + O1 + Gt + Cpx and, although orthopyroxene does not participate, the modeling was simplified by using an intial liquid composition for the peritectic equilibrium L + O1 + Opx + Cpx + Gt. As explain above, use of this composition will result in MgO that is too low and SiO 2 that is too high, a problem that will not seriously affect the conclusions that follow.
A 1% melt fraction will have about 3.5 % A1205 and 27 % MgO (Table 5 ), but does not quite match the geochemistry of Barberton komatiites because SiO 2 is too low (Table 5; Figure  12 ). To increase SiO2 to the levels observed, the degree of partial melting must have been high. But because orthopyroxene is not involved, the only way this can be achieved is by high degrees of pseudoinvariant melting on the solidus (L + O1 + Gt + Cpx) involving a source region that was also fairly high in SiO 2. Although the composition of the source region does not directly affect the composition of liquids formed on the solidus, it does affect the degree of partial meking that is possible. Higher degree initial melts will be higher in MgO, MgO/FeO, and SiO 2 (Table 5) Melting in excess of 52 % is very unusual. Clinopyroxene will be first phase to be consumed, and advanced melting will proceed up the cotectic L + O1 + Gt (Figure 9c ). When this occurs, there will actually be an increase in A1205 in the liquid because the A1203 content of the primitive mantle source is higher than initial Barberton liquids (Figure 12) . Barberton komatiites could not have formed from these high degree liquids. The next phase to be consumed is predicted to be olivine, and garnet will be the liquidus phase for Ib8 at 100 kbar (Figure 9c) . However, the crystallization interval of garnet only (L + Gt) is likely to be only some tens of degrees, and the liquid trajectory [1982] , and this was proceed from initial to total isobarically. It is triggered when based on the observation that high CaO/(CaO + A1203) is the mantle advects adiabatically and intersects the solidus, and accompanied by depletions in the heavy rare earth elements the parcel of magma will follow a new adiabatic T-P path which (e.g., high Gd/Yb). However, there has been less agreement connects the temperaturei and pressures of melt initiation on the has to the mechanism by which gai'net was removed. The solidus to eruption temperature at the surface. These concepts general pOssiblities that have been discussed are (15 garnet was were applied to the generation of basaltic magmas at low [Agee and Walker, 1988; Miller et al., 1991a] . It is within this high pressure region where melting could be mostly equilibrium rather than fractional [Herzberg, 1984] . The density contrast will increase upon adiabatic decompression, and this will create opportunities for the melt to fractionate by segregation into pools [Arndt, 1986] . The 80 to 100 kbar inferred from the geochemistry of the Barberton komatiites could be recording only the final stages in equilibrium melting prior to separation of the liquid from its matrix, and the actual pressure of melt initiation may have been even greater.
FORMATION OF KOMATIITES IN PLUMES
Thermal models point to an Archcan mantle with a mean temperature that was only 100 to 150øC higher than at present [Turcott, 1980; Jarvis and Campbell, 1983 Komatiites have been reasonably interpreted as the products of extensive or total melting of the mantle because they have a geochemistry that can be roughly explained by the removal of olivine from peridotite. But the results of this work point to problems with this interpretation. Instead, they can be more easily explained as partial melts (< 50 % melting) with a geochemistry that was determined by high pressure crystal-liquid phase equilibria. An important corollary is that komatiites cannot be used to place constraints on the geochemistry of their source region, except in the most rudimentary way. This is unfortunate because it means that they cannot be used to probe the structure of the mantle, and address important questions concerning the geochemical properties of seismic discontinuities. Secular variations in the geochemistry of komatiites could have formed in response to a reduction in the temperature and pressure of melting with time. The 3.5 Ga Barberton komatiites and the 2.7 Ga Munro-type komatiites could have formed in plumes that were hotter than the present-day mantle by 500 ø and 300 ø, respectively. When excess temperatures are this size, melting is deeper and volcanism changes from basaltic to komatiitic. The komatiites from Gorgona Island, which are Mesozoic in age, may be representative of komatiites that are predicted to occur in oceanic plateaus of Cretaceous age throughout the Pacific . Figure  A2 shows that it is largely independent of SiO 2. It can be concluded from these comparisons that the Barberton komatiites were more severly affected by alteration than the Munro-types. Addition and subtraction of olivine from a komatiitic magma cannot change CaO/A1203. Pseudoinvariant melting can yield high pressure liquids with CaO/A120 3 and SiO 2 that are higher than liquids generated at lower pressures. But to account for the spectrum of compositions in Figure A1 would require a range of pressures than span over 100 kbar, and is unreasonable on geological grounds. One other igneous process than can potentially explain the data is by advanced melting through the sequenceL + O1 + Cpx + Gt --> L + O1 + Gt --> L + O1. In projection, highly magnesian komatiites from Barberton would differ from the others in having Munro-like CaO/A1203. This observation was originally made by Smith and Erlank [1982] , and correctly dismissed as another artifact of alteration because no change was observed for A1203/TiO 2. This parameter is shown also in Figure A3 . It can be seen that for Barberton komatiites having CaO/A1203 > 1.5, the ratio A1203/TiO 2 is typically around 11, and this contrasts with about 20 for Munro-type komatiites [Jahn et Inspection of Figure 12 shows that the clean Barberton komhtiites can be explain as liquids formed by about 52 % pseudoinvariant melting at around 100 kbar. But a detailed examination of these plots shows that while this adequately explains MgO, A1203, and SiO• the contents of CaO that are predicted are mostly higher than those that are observed even for the clean Barberton data set. Although these differences are certainly within the experimental error of the high pressure data base, they may indicate that even the clean Barberton komatiites have lost some CaO.
